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This work presents the realization of one-sided wave transmission by using a specially engineered
phononic crystal structure. It is an inverted bi-prism phononic crystal engineered for a horizontally
incident elastic wave at a specific frequency. The incident wave along one direction is shown to
be totally reflected by the bi-prism while the incident wave along the opposite direction
transmitted through it with refraction, also evident from experiments. An application of
the proposed bi-prism may be found in thin elastic strips. VC 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4721485]
Recently, a number of researches have been performed
on unusual wave characteristics of crystal structures having
periodically arranged inclusions, called phononic crystals
(PC’s). For instance, PC’s can exhibit the phenomena of
band-gap,1 negative refraction,2–4 and bi-refraction,5,6 which
may not be observed in general acoustic or elastic media.
Furthermore, they can be also used to realize waveguiding7
and acoustic miraging8 if PC structures are specially
engineered. As a wide class of wave-based applications is
possible with PC’s, there has been a growing interest in engi-
neering PC structures.
In this paper, it is shown that a specially engineered PC
structure can be used for the realization of one-sided elastic
wave transmission. This means that an elastic wave incident
into the PC along one direction can propagate through it
while an incident wave along the opposite direction cannot.
The involved phenomena in the suggested one-sided wave
transmission are simply refraction and total reflection, but
the PC structure must be designed to satisfy certain require-
ments that will be explained later; otherwise, the one-sided
transmission cannot be achieved. Fig. 1 illustrates the sche-
matic diagram of the proposed PC structure, which is tai-
lored for the one-sided wave transmission. The proposed
structure consists of two 45 prisms, one of which is the mir-
ror image of the other with respect to the x axis. Since the
inversion of the prisms in Fig. 1 would result in a bi-prism,
the suggested structure will be called an inverted bi-prism. The
envisioned paths for wave propagation are marked by two sets
of arrows in Fig. 1: one path indicating no transmission from
the left to the right side by total reflection and the other indicat-
ing transmission from the right to the left by refraction.
Before presenting the details of the working principles
and some practical application examples, it is worth to
review previous researches related to the one-sided wave
transmission. Perhaps, the unidirectional transmission based
on the nonlinear media9–13 may be compared with the pro-
posed one-sided wave transmission. The main difference is
that the proposed one-sided wave transmission is reciprocal
while the earlier works9–13 are non-reciprocal. Alternatively,
one may realize one-sided wave transmission without non-
reciprocity by diffractive media14–16 or mode conversion.17
In contrast, the present method employs a prism-shaped
structure which enables functionalities that would be difficult
to realize with the existing methods.14–17
In the present work, the PC’s are fabricated in a thin alu-
minum plate18 with periodically arranged air holes. We will
be mainly concerned with incident elastic shear-horizontal
(SH) waves at the target frequency of 180 kHz, which
belongs to an ultrasonic range. An SH elastic wave is a wave
that has its displacement field perpendicular to the propagat-
ing direction mainly in the x-y plane. Since the generated
wave at the frequency in the uniform plate belongs to the
lowest non-dispersive branch,19 it will be denoted as the SH0
wave. Note that a slit is placed between the prisms. Its role
will be explained later with numerical results.
To realize the one-sided wave transmission with the
inverted bi-prism, the PC structures should be so tailored as
to satisfy the following requirements:
1. No band gap should exist in the frequency range cover-
ing the target frequency; this will enable the wave trans-
mission of right-side incident waves through the
inverted bi-prism PC.
2. There should be no propagating SH0 mode in any of the
infinite Brillouin zones20 of the PC that can be coupled
with the incident wave from the left side; this will pro-
vide the total reflection of left-side incident waves.
3. The refraction into multiple waves5,6,21 of the uniform
plate from the inverted bi-prism PC should be avoided
when an SH0 wave is incident from the right; this will
ensure concentrated transmission power only along one
direction.
a)Author to whom correspondence should be addressed. Electronic mail:
yykim@snu.ac.kr. Tel.: þ82-2-880-7154. Fax: þ82-2-872-1513.
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There may be a few different configurations that may
satisfy the three requirements, but we consider two symmet-
rically placed 45 PC prisms of which the unit cell is shown
in Fig. 1. To take into account of Requirement 2, the side of
the direct lattice of a selected PC should be parallel to the
interface of the PC and uniform plates. Thus, the square lat-
tice of which axes make 45 from the x and y axes is
selected, as illustrated in Fig. 1. If diffraction would be used
as in Refs. 14–16, the size of each of the multiple prisms
should be much smaller to produce diffraction effects. How-
ever, the size is relatively large compared to the wavelength
to produce reflection effects in the proposed inverted bi-
prism PC.
To explain the working principle of the proposed
inverted bi-prism PC, the equi-frequency contours (EFC’s)
for the unit cell of the PC prisms should be considered. The
finite element method22 was used to produce the EFC’s in
Fig. 2. Note that the center circle lies within the irreducible
Brillouin zone while the others, in higher-order Brillouin
zones.
First, let us examine the case of wave incidence from
the left. Specifically, an SH0 wave beam is assumed to be
horizontally incident into the lower prism along the green
path marked by “1” in Fig. 1. Reflection and transmission
could take place at the interface of the uniform plate and the
inverted bi-prism PC, but the following equation must be
satisfied:5,21
kincidentk ¼ kreflectedk ¼ ktransmittedk ; (1)
where kk represents the tangential component of the wave-
vectors along the interface. Noting that the direction normal
to the EFC represents the direction of the wave propagation,
the direction of the arrow marked by 1 in Fig. 2(a) denotes
the incident wave from the uniform plate. If a wavevector on
the PC satisfies Eq. (1), the point representing it should lie
on the solid green line in Fig. 2(a). However, the line does
not intersect with any of the EFC’s of the PC at 180 kHz
(marked by black circles in Fig. 2), meaning that there exists
no propagating SH0 wave mode inside the PC that can sat-
isfy Eq. (1). Therefore, the SH0 wave is totally reflected in
the uniform plate, and it is marked by Arrow 2 in Fig. 2(a).
The reflected wave at the lower prism interface reaches the
upper prism, but the same wave phenomenon occurs because
the upper prism is a mirror image of the lower one. There-
fore, an incident SH0 wave along Path 1 (green) is totally
reflected at the lower prism and propagates along Path 2
(green). Then, it experiences the same total reflection again
and propagates back along Path 3 (green).
The case for the incident wave from the right is com-
pletely different from that for the incident wave from the
left. The wave is normally incident from the uniform plate to
the prism along Path 1 (purple) in Fig. 1 and it is marked by
Arrow 1 on the white circle in Fig. 2(b). The point represent-
ing the wavevector of the transmitted wave inside the
inverted bi-prism PC should intersect with the solid purple
line. In fact, there are two points of intersection with the
EFC of the PC at 180 kHz in the irreducible Brillouin zone
but the wavevector marked by Arrow 2 is selected because
of the group velocity direction. Likewise, the wavevectors in
the EFC’s belonging to higher-order Brillouin zones marked
by Arrows 20 can be also selected. Therefore, the incident
wave is transmitted via all of these waves inside the inverted
bi-prism PC. These waves will then arrive at the oblique
interface. Since the number of these waves could be infinite,
we should use infinitely many dotted purple lines to find
FIG. 1. Schematic illustration of the proposed inverted bi-prism PC and
wave propagation in the structure. The unit cell parameters of the PC are
a ¼ 17mm, d ¼ 8mm, and t ¼ 2mm.
FIG. 2. Wavevector analyses carried on the EFC’s of the PC plate for inci-
dent waves (a) from the left and (b) from the right. Solid black lines repre-
sent SH0 mode EFC’s of the PC at 180 kHz while solid white lines, EFC’s
of the uniform plate.
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propagating waves into the uniform plate that satisfy Eq. (1),
as plotted in Fig. 2(b). Nevertheless, there is only one inter-
secting point between the dotted purple lines and the SH0
mode EFC of the uniform plate, marked by Arrow 3. Calcu-
lating the phase velocities at the interface, the angle of
refraction of the transmitted wave is shown to be 37 and no
bi-refraction5,6,21 is shown to occur in this case. The same
phenomena occur for the case of wave incidence from the
uniform plate towards the upper prism.
To summarize the analyses above, SH0 waves incident
from the left toward the inverted bi-prism PC are totally
reflected without exciting any propagating wave inside the
PC and thus no SH0 wave of 180 kHz can pass through the
inverted bi-prism PC. On the other hand, SH0 waves incident
from the right are transmitted into the PC through infinite
wave modes of the PC and refracted as a single SH0 mode in
the uniform plate. The findings from these analyses will be
confirmed numerically and experimentally. For simulation,
COMSOL Multiphysics is used.23
The results of the numerical simulations are plotted in
Figs. 3(a) and 3(b) for an SH0 wave source of wide beam
width. Figs. 4(a) and 4(b) show the results for an SH0 wave
source of narrow beam width. The actual sources used in
experiments are modeled in the simulation. For experiments,
SH0 waves were generated by magnetostrictive transducers
that are slightly modified from planar solenoid array-type
orientation adjustable patch-type magnetostrictive trans-
ducers (PSA-OMPT’s).24–26 For the generation of a wave
source of 30mm in beam width, a 30mm 30mm magneto-
strictive patch of 0.15mm in thickness was employed while
the distance between planar solenoids was tuned to be half
the wavelength of the SH0 wave of the uniform plate at
180 kHz. A modulated Gaussian pulse centered at 180 kHz
was sent to the actuating PSA-OPMT. To form a wave
source of wide beam, five 30mm 30mm magnetostrictive
patches were vertically placed to make the beam width of
150mm. For all cases, the sources were placed 50mm apart
along the x direction from the side of the inverted bi-prism
PC. However, the wide beam source was horizontally
aligned with the center of the inverted bi-prism while the
small beam source, located 75mm down in the y direction.
Each of the square-lattice prisms was made with 71 air holes
drilled.
For the measurements, PSA-OPMT sensors as used in
Ref. 3 were placed in the uniform plate where the refracted
waves can propagate. The measurements were made at every
15 of h covering a range of 180 for a fixed value of
r¼ 250mm. The origins of the ðr; hÞ coordinates are shown
in Figs. 3 and 4. The 180 kHz frequency components were
extracted by the short-time Fourier transformation of the
measured time signals. The extracted results clearly show
that the proposed inverted bi-prism PC can actually transfer
the SH0 wave along only one direction. The comparison of
the numerical and experimental results made on the right
sides of Figs. 3(a), 3(b), 4(a), and 4(b) re-confirms the effec-
tiveness of the proposed method.
FIG. 3. Plot of the von Mises stress obtained by the finite element analysis
(left) and comparison between simulation and experimental results (right)
for the wave source of 150mm in beam width. (a) Right incidence and (b)
left incidence.
FIG. 4. Plot of the von Mises stress obtained by the finite element analysis
(left) and comparison between simulation and experimental results (right)
for the wave source of 30mm in beam width. (a) Right incidence and (b) left
incidence.
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From the simulation results shown on the left side of
each of the figures in Figs. 3(a), 3(b), 4(a), and 4(b), the fol-
lowing observations can be made. First of all, the SH0 waves
incident from the left cannot propagate through the inverted
bi-prism PC while the SH0 waves incident from right can,
regardless of source size. When waves are transmitted
through the inverted bi-prism PC, the transmitted beams are
mainly confined along the directions dictated by the angle of
refraction. If there were no slit near the center of the inverted
bi-prism PC that may consist only of one hole, a singular
region would be formed and bi-directional transmission
could be possible through the central region. However, the
slit inserted between the two prisms virtually suppresses
wave transmission across it. Therefore, the presence of the
slit prevents the overall characteristics of the inverted bi-
prism PC affected by the singular region.
A few remarks will be made on the effects of beam
width and location. When a wave of a smaller beam source
is incident further away from the horizontal line passing
through the center of the inverted bi-prism PC, the effect of
the singular region becomes smaller and the angle of refrac-
tion is better identified. The experimentally estimated angle
of refraction was shown to be virtually the same as the theo-
retical value of 37. Because waves are scattered into various
directions near the center of the inverted bi-prism PC, a sin-
gular region, the refracted wave for the wave of the smaller
beam width is better refined than that for the larger beam
width. In either case, nevertheless, the transmitted waves are
highly confined along the direction of the refraction angle in
spite of normal wave incidence. An application of the pro-
posed inverted bi-prism PC is illustrated in Fig. 5 which
shows the one-sided wave transmission in an aluminum strip
of a finite width (300mm). Noting that normally incident
waves can be mainly actuated in a strip, this simulation
shows that the proposed PC system may be effectively used
in an elastic strip.
This investigation showed that one-sided wave transmis-
sion can be achieved by using refraction and total reflection
by using a specially engineered PC structure, so called an
inverted bi-prism PC. The proposed system is expected to be
useful for some wave-based applications, especially in elas-
tic strips. Since the dominant wave directions before and af-
ter the inverted bi-prism PC are not parallel, the proposed
method can be used to a wave system in which incident
waves are not affected by the reflected waves even at the si-
multaneous illumination from the both sides at the end.
This work was supported by the National Research
Foundation of Korea (NRF) grant (No. 2011-0017445)
funded by the Korean Ministry of Education, Science and
Technology (MEST) contracted through IAMD at Seoul
National University, WCU program (No. R31-2010-000-
10083-0) through NRF funded by MEST and the second
stage of the Brain Korea 21 Project in 2011. Discussions
with Y. E. Kwon, M. K. Lee, and H. S. Lee for experiments
are appreciated.
1M. S. Kushwaha, P. Halevi, L. Dobrzynski, and B. Djafari-Rouhani, Phys.
Rev. Lett. 71, 2022 (1993).
2C. Croe¨nne, E. Manga, B. Morvan, A. Tinel, B. Dubus, J. Vasseur, and
A. C. Hladky-Hennion, Phys. Rev. B 83, 054301 (2011).
3M. K. Lee, P. S. Ma, I. K. Lee, H. W. Kim, and Y. Y. Kim, Appl. Phys.
Lett. 98, 011909 (2011).
4B. Morvan, A. Tinel, A. C. Hladky-Hennion, J. Vasseur, and B. Dubus,
Appl. Phys. Lett. 96, 101905 (2010).
5J. Bucay, E. Roussel, J. Vasseur, P. Deymier, A. C. Hladky-Hennion, Y.
Pennec, K. Muralidharan, B. Djafari-Rouhani, and B. Dubus, Phys. Rev. B
79, 214305 (2009).
6M.-H. Lu, C. Zhang, L. Feng, J. Zhao, Y.-F. Chen, Y.-W. Mao, J. Zi,
Y.-Y. Zhu, S.-N. Zhu, and N.-B. Ming, Nat. Mater. 6, 744 (2007).
7A. Khelif, A. Choujaa, S. Benchabane, B. Djafari-Rouhani, and V. Laude,
Appl. Phys. Lett. 84, 4400 (2004).
8S.-C. S. Lin and T. J. Huang, J. Appl. Phys. 106, 053529 (2009).
9Z. Yu, Z. Wang, and S. Fan, Appl. Phys. Lett. 90, 121133 (2007).
10F. Haldane and S. Raghu, Phys. Rev. Lett. 100, 013904 (2008).
11Z. Wang, Y. Chong, J. Joannopoulos, and M. Soljacˇic´, Phys. Rev. Lett.
100, 013905 (2008).
12B. Liang, X. S. Guo, J. Tu, D. Zhang, and J. C. Cheng, Nat. Mater. 9, 989
(2010).
13B. Liang, B. Yuan, and J. C. Cheng, Phys. Rev. Lett. 103, 104301 (2009).
14A. E. Serebryannikov, Phys. Rev. B 80, 155117 (2009).
15A. O. Cakmak, E. Colak, A. E. Serebryannikov, and E. Ozbay, Opt.
Express 18, 22283 (2010).
16X.-F. Li, X. Ni, L. Feng, M.-H. Lu, C. He, and Y.-F. Chen, Phys. Rev.
Lett. 106, 084301 (2011).
17X. Zhu, X. Zou, B. Liang, and J. Cheng, J. Appl. Phys. 108, 124909
(2010).
18The aluminum’s material properties are measured as followings:
E¼ 71.334 GPa, v¼ 0.33, and q¼ 2680 kg/m3.
19K. Graff, Wave Motion in Elastic Solids (Dover Publications, Inc., New
York, 1991).
20L. Brillouin, Wave Propagation in Periodic Structures (Dover Publica-
tions, Inc., New York, 1946).
21N. Swinteck, J. F. Robillard, S. Bringuier, J. Bucay, K. Muralidharan,
J. Vasseur, K. Runge, and P. Deymier, Appl. Phys. Lett. 98, 103508
(2011).
22P. Langlet, A. C. Hladky-Hennion, and J. N. Decarpigny, J. Acoust. Soc.
Am. 98, 2792 (1995).
23COMSOL Multiphysics, COMSOL Multiphysics Modeling Guide
(COMSOL AB, Stockholm, 2008).
24S. H. Cho, J. S. Lee, and Y. Y. Kim, Appl. Phys. Lett. 88, 224101 (2006).
25J. S. Lee, S. H. Cho, and Y. Y. Kim, Appl. Phys. Lett. 90, 054102 (2007).
26J. S. Lee, Y. Y. Kim, and S. H. Cho, Smart Mater. Struct. 18, 015009
(2009).
FIG. 5. Plot of the von Mises stress obtained by the finite element analysis
for the one-sided wave transmission in an aluminum strip.
213503-4 Oh et al. Appl. Phys. Lett. 100, 213503 (2012)
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  114.70.7.203 On: Tue, 23 Aug 2016
10:36:11
